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A novel piezoelectric spinal fusion device has been shown to improve spinal 
fusion. The mechanical properties of this novel piezoelectric material are important for 
the integrity of the device. To characterize the mechanical properties of the piezoelectric 
material, a uniaxial tensile test and a plane-strain fracture toughness test used to 
determine the mechanical integrity of the material. The specific materials investigated 
were a pure layered stack made of piezoelectric discs and piezoelectric discs stacked 
with intermediate compliant layers. Results of tensile testing were inconclusive. Stress 
concentrations around the layers and the brittle nature of the material caused early 
failure. Results of fracture toughness were unreliable due to a flaw in the experimental 
procedure. Theoretical calculations were performed to determine the potential fracture 
toughness of the material, resulting in a higher fracture toughness for the piezoelectric 
discs stacked with intermediate compliant layers as compared to the pure layered 
piezoelectric discs. Additional fracture toughness testing yielded preliminary fracture 
toughness values. A single sample with compliant layers had a higher fracture 
toughness than a single sample without the compliant layers. However, additional work 
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To understand the purpose of this work, background knowledge regarding spinal 
fusions, piezoelectric materials, mechanical testing, and general composite theory is 
necessary. The first few sections of this chapter will discuss the overarching goal, while 
the background knowledge necessary to perform this work will follow in subsequent 
sections.  
Characterization of materials is important for designing an implant. Biocompatibility 
and mechanical properties are two components of characterizing a novel material. This 
is especially important in the realm of spinal fusions. Understanding the mechanical 
properties insures that a material selected for spinal fusion devices does not fail. The 
material must also withstand the compressive loading produced by the anterior 
structures of the spine, maintain height in between vertebrae, and allow for fusion to 
take place to provide stability.(1),(2) (3)The strength and the fracture toughness (crack 
propagation resistance) are properties important in determining an appropriate material 
to be used in spinal fusion devices. This study will investigate two novel composite 





1.2 Spinal Fusion 
 
1.2.1 General Spinal Fusion and Interbody Devices 
 
Standard treatment available for degenerative spine diseases is spinal fusion due 
to its effectiveness.(4),(5) The annual volume of increase in spinal fusions is 137%.(4) 
During a spinal fusion procedure, the degenerative component or the severely 
degenerated disc in between two vertebrae, is removed (Figure1).  
 
Spinal fusion surgery is performed over 250,000 times a year in the United 
States alone.(6) After removal of the vertebral disc, an interbody device helps the two 
vertebrae fuse together. An interbody device is known as an interbody cage, and it is 
placed in the intervertebral space to help transmit the load through the spine while 
screws and rods provide stability to the vertebrae as the fusion site heals (Figure 2). 
Once the vertebrae are stabilized, the interbody can aid in transmitting load from one 
Figure 1: Image of a degenerated disc that would be removed during spinal fusion surgery. Also in 
comparison is what a healthy disc should look like, clearly supporting the two vertebrae above and below. 
The red on the unhealthy disc represents the beginning damage of the vertebrae. (Public Domain, 




vertebral body to the next. Surgeons will also place a bone graft along with the 
interbody cage to help guide bone cells into growing in between the two vertebrae, thus 
allowing for fusion. There may be loss of motion after full fusion, however, the patient 
regains stabilization and reduction in pain due to the ability of the spine to transmit 
loading properly again through the vertebrae.(7),(8)  
 
Unsuccessful fusion however, may lead to second surgeries and additional 
discomfort for the patient. Patients with good health are not unsusceptible to non-fusion, 
as there is still a 20 to 40% chance of failure.(9) Additionally patients with risk factors 
such as tobacco users and diabetics, often only have a fusion rate of 70% and 80%; 
Figure 2: Image of a degenerated disc removed and replaced with interbody 




whereas patients without such risk factors exhibit 90% or higher fusion within the first 
two years of having the surgery.(9),(10) These patients often cannot be elected for the 
procedure because their preoperative conditions (tobacco users, diabetics, obesity) put 
them at risk of non-fusion.(11)–(13) Although the risk factors decrease a patient’s ability to 
fuse, there is a possibility for these patients to still undergo spinal fusion with the use of 
direct current electrical stimulation.(14) A study done by Rogozinski, found 96% of patient 
population within the study, which included smokers, did have successful fusion using 
direct current stimulation in comparison to those who did not have stimulation.(15)  
1.2.2 Mechanism of Electrical Stimulation of Bone & Current Devices 
It has been widely shown that electrical stimulation has been highly effective in bone 
recovery.(9)  Bone recovery was originally described in Wolff’s Law describing the 
concept that applied stress to bone can cause bone formation (Figure 3).(16) This law 
was further developed by Yasuda who discovered that bone in tension was 
electropositive, while bone in compression was electronegative.(16) Yasuda ultimately 
discovered that there is a piezoelectric effect in bone.(17) His discovery led to more 
investigations revealing the bone’s response to electrical stimulation because of this 
effect, however, the true nature of the biological mechanism is still not clear.(18) 
However, there have been studies performed showing possible mechanisms to bone 
formation depending on the types of electrical stimulation such as direct current 
stimulation or capacitive coupling stimulation.(19),(20) 
With DC (direct current) stimulation, during experimentation it was observed that the 
osteoinductive factors (bone’s normal regulators during bone production) are 
upregulated due to gene expression that controls these factors.(14), (21)–(23) Therefore, 
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when electrical stimulation is applied to a certain location of the bone, growth factors 
increase. The increase in growth factors can promote fusion of a non-union in bone, 
specifically bone similar to a growth plate (active bone), and resulting bone formation on 
a bone graft improves.(14), (24) Understanding possible mechanisms provides possible 
explanation to the efficacy of future electrical stimulation devices, as well as, those that 
have been recently successful.  
The direct current bone healing solutions that currently exist usually require an 
addition of a battery-operated component external to the implantation of the device. This 
device has been studied as early as 1988 when Kane used a DC stimulation device in 
posterior spinal fusions performed clinically and was able to achieve 81% success of 
fusion compared to only 54% success of those without the device.(25) Further 
Figure 3: Schematic of mechanotransduction in bone, and how remodeling of bone/healing occurs. 
This exhibits Wolff’s Law and the dynamic loading of compression and tension causes an electrical 




experimentation by Tejano, produced results in which patients recruited had a 92% 
success rate with even multiple-level (multiple vertebrae needing to be fused) spinal 
fusions.(26) Although successful in fusion, the battery-operated alternative to a spinal 
fusion interbody is not desirable as it is a Class III device, and thus comes with higher 
risk to the patient. Additionally, users are noncompliant to wearing the stimulation 
device and thereby eliciting it less effective than intended.(27) Therefore, it is ideal to use 
an internal source to stimulate bone healing. However, the internal technology available 
to stimulate bone requires a battery pack implanted along with the cage to provide the 
DC stimulation necessary to promote bone growth, such as the Bagby and Kuslich 
(BAK) cage (Figure 4), among many others.(9) The Bagby and Kuslick cage has also 
only been used a sheep study, and has yet to be used in humans. Although such 
devices have shown higher fusion rates compared to traditional methods, in sheep, 
there are still shortcomings of using such cages.  
 
Figure 4: Plane anteroposterior radiograph of the laterally placed Bagby and Kuslich (BAK) cage in 
the ovine L4-L5 level with leads extending to the subcutaneously placed direct current stimulator. In 
the 0-[mu]A current group, no device was attached to the leads. Image of a BAK cage with its battery 
pack implanted in sheep to demonstrate fusion from DC stimulation. It is clear the battery is a 
separate component that is attached to the electrodes (With Permission). (9) 
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Such cages are designed to supply constant current to the affected area, a battery 
pack or power source is necessary internally, and electrodes/leads along with the 
battery pack need to be placed into the soft tissue near the healing site, 
invasively.(28),(29) Constant supply of current to the affected area is not ideal because 
once full fusion takes place, the device has no method of disabling itself, and can 
continue potentially longer than the necessary 6 to 9 months.(16) Additionally, a battery 
pack or power source contains a battery that needs to be eventually removed, which 
introduces a second invasive surgery for the patient.(16),(30) Current DC stimulation 
devices also requires the electrodes and the battery pack, to be placed directly near the 
healing site, which can introduce longer time for spinal fusion surgery again posing risk 
to the patient from an anesthetic point of view.(16) For the reasons aforementioned, 
electrical stimulation of bone has high potential, but there is still a need for an improved 
in vivo device that delivers electrical stimulation. 
1.3  Piezoelectric Material 
A piezoelectric (PZT) material is a material in which mechanical loading or stresses 
applied results in production of voltage as the response (Figure 5).(31) Because of this 
Figure 5: Schematic of basic mechanism of PZT materials. 
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phenomenon, PZT materials are often used as electrical generators in many 
applications.(27),(31)–(34) One such application is in development of orthopedic medical 
implants that undergo dynamic loading.(31) With consideration of the spine specifically, it 
undergoes dynamic loading, while axial compressive forces act upon the intervertebral 
bodies.(35)  
With considerations of dynamic loading and compressive forces on spinal 
interbodies and its potential to replace an external battery pack, PZT has been explored 
as a material choice for spinal implants. For example, a layered piezoelectric material 
containing fibers embedded in epoxy was developed and when electromechanically 
tested, generated power, thus having potential use for spinal fusion stimulation.(34)   
1.3.1 Piezoelectric Properties + Power Generation 
Although PZT has been shown as a potential generator for medical implants, its 
efficiency, storage, and power output has not been refined.(31) Because of the lack of 
refinement, studies have been performed to determine such properties of the PZT 
material. One study used a PZT element embedded inside of spinal fusion implant 
which was subjected to low sinusoidal frequencies (1-10 Hz) with load amplitudes of 
400 to 3000 N, while displacement and voltage data were also acquired from the 
implant during the cycles.(31) It has been found in both theoretical and experimental 
studies that the conversion of mechanical power into the raw electrical energy was 
possible and using PZT inside of an implant undergoing cyclic loading, produced 
enough power to run small clinical electronics.(31), (33)  
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1.3.2 Stacked Generator, Power Generation, & Compliant Layers 
Designing the structure of a PZT generator is highly dependent on its direction of 
loading during usage. The two main types of PZT generators have already been studied 
by Platt et al. to investigate the differences between a monolithic generator (single 
layer) and a stacked generator (multiple layers).(32) Based on knowledge from Platt et 
al., power generation was investigated using the idea of a stacked generator in the form 
of a stacked, macro fiber PZT composite spinal interbody device.(34) By developing a 
composite material, the toughness of the PZT material was increased with a tough 
polymeric matrix.  
It was predicted that adding compliant layers would ultimately toughen, yet 
maintain the desired power generation necessary for the spinal fusion application. The 
compliant layers were made of epoxy, using thicknesses of 0.0 mm, 0.4 mm, and 0.8 
mm. The hypothesis was that the addition of a compliant layer in between the layers of 
the stacked PZT discs (traditional stacked generator) would increase the power 
generation due to the ability of the compliant layers to allow the brittle PZT to deform 
more readily when stacked in between each disc due to their anisotropic strength as a 
laminate layer. This has previously been highly theorized and tested with laminates of 
different phases (laminate composites).(36) Therefore, the strength of the epoxy should 
enhance the other discrete phase (PZT) because it allows for the force to be distributed 
throughout the laminate composite in more directions as compared to a traditional 
stacked generator.(36) In a traditional stacked generator, without any matrix or compliant 
material, the PZT discs isotropically respond to a compressive load. Thus, adding a 
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compliant layer allows anisotropic behavior that can be added to the isotropic stacked 
generator. 
  The addition of the compliant layers should result in improved fracture toughness 
as compared to the traditional stacked generators. Energy absorption of the force 
exerted on the material during loading can be absorbed by the anisotropic compliant 
layers.(37) This contrasts with the PZT discs alone, as they are a brittle material and do 
not absorb fracture energy as efficiently as the compliant layer. Therefore, the overall 
generator should exhibit improved fracture properties with the addition of a compliant 
layer compared to the traditional stacked generator. 
1.4 Mechanical Testing 
Mechanical testing of materials is vital to the success of an implant because its 
function is directly related to its material properties. It is necessary to determine whether 
the PZT composite with compliant layers is tough enough and how much load it can 
withstand before permanently deforming. Two common tests to examine both properties 
are tensile testing and fracture toughness testing; both of which have been widely used 
in testing many other materials but not the specific combination of materials being 
investigated. 
1.4.1 General Tensile Testing 
Tensile properties of plastics can be determined using ASTM D638-10, which 
specifically covers plastic materials that can be reinforced, or non-reinforced (Figure 
6).(38) The application of this standard is relevant when considering the PZT composite 
containing discs stacked or discs stacked with intermediate epoxy layers. This is 
especially important because PZT material by nature is weakest in tension than in 
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compression. Therefore, the tensile test can test for the materials worst-case scenario 
of failure for the PZT material.  Tensile testing reveals a specific property of the material 
known as the Young’s Modulus. With a tensile test, stress (force applied over an area) 
versus strain (change in length over original length) can be obtained. Stress and strain 
plotted can be used to calculate information about the materials’ ultimate tensile 
strength, the point at which the material will fail under a certain load, or yield strength, 
the load at which the material will begin to undergo plastic deformation. The stress and 
strain curve also reveals a region of elasticity, where the plastic material deforms under 
the applied stress and can still return to its original state. The region of elasticity is 
where you determine the Young’s Modulus, which is the slope of the linear region. 
Knowing the Young’s Modulus of a composite material is important because it can 
prevent loss of the materials’ primary function.(39)   
Like the original fiber composite material developed by Goetzinger et al., Dent et 
al.  performed a study examining the volume fraction of PZT fibers compared to the 
Figure 6: Schematic of tensile testing set-up. (Public Domain, modified for use) 
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volume fraction of the matrix using an ISO standard equivalent to ASTM D638-10 that 
was modified.(27),(39) The modification in Dent et al. consisted of attaching aluminum end 
tabs to the ends of the specimen to allow for better grip and to maintain the integrity of 
the section of material that is to be tested.(39) Without adherence of end tabs with a 
different material than the composite itself, there would be composite damage risks 
associated with following an unmodified ASTM D638-10 or equivalent ISO standard. 
Thus, with Dent et al.’s modification, the composite material was successfully tested in 
tension without damaging the composite material of interest. Modification also 
eliminates the need to create large specimen purely made of composite material (Figure 
7). This experimentation, along with others, demonstrates that modifications to 
specimen fabrication allows for a more valid tensile test.(39), (40) A valid and applicable 
test is vital in insuring that the failure mechanisms of the material is understood prior to 
being used, especially in a medical implant application. 
Figure 7: Image of a traditional tensile testing specimen for plastic materials, note that typically this 
specimen geometry for tensile testing would be made entirely of one material, L0, gage length, diameter, 




1.4.2 General Fracture Toughness 
As described by ASTM D5045-99, a plane-strain fracture toughness test can 
characterize the fracture toughness of plastics in terms of its critical-stress intensity 
factor, KIC, using a single-edge-notch bend (Figure 8).(41) The critical-stress intensity 
factor is what represents the fracture toughness of a material and measures the stress 
necessary to propagate a sharp crack created. A higher fracture toughness value 
describes a material that will exhibit ductile fracture when a crack is present in the 
material, and is indicative of a higher resistance to fracture (resistance to crack 
propagation). A low fracture toughness value describes a material that will exhibit brittle 
fracture when a crack is present in the material, and is indicative of a lower resistance to 
fracture. 







The resistance to cracking is related to the material’s ability to deform plastically, 
while absorbing energy away from the crack tip prior to failing.(42) This happens at the 
front of the crack tip where there is an area known as the crack tip energy field that is 
dictated by the radius, “r” (Figure 9). In consideration of a medical implant application, it 
is desirable for the material to exhibit a higher fracture toughness value, in which it is 
highly resistant to cracks propagating through the material.(43) 
 A fracture toughness test helps show whether the composite material developed, 
with compliant layers, can resist failure due to cracking compared to just PZT discs (by 
nature is brittle because it is a ceramic). Too often strength is the focus of the study and 
fracture toughness is ignored. The material’s fracture toughness depends on the ability 
of a material’s microstructure to enable toughening mechanisms (mechanism of crack 
deflection) prior to the crack or after the crack tip.(42),(44) Therefore, utilization of fracture-
mechanics to characterize materials is vital to the success of the materials chosen for 
implant development. 
Figure 9: Schematic of a crack within a plastic material and the crack tip energy field in 
front of the tip of the crack, where the radius determines the area in which the material 




1.5  General Composite Theory  
A composite material is composed of a fiber that is high in strength and stiffness, but 
is brittle, and combined with a matrix material that is usually weaker, but tough and 
requires reinforcement by the fiber.(45) The benefit of the composite material is that the 
brittle nature of the fibers should be supported from buckling due to stress 
concentrations, when there is a matrix material that surrounds the fibers. The 
combination of both materials should increase the toughness compared to just the brittle 
fibers themselves, as can be seen in Figure 10. The composite material can be modified 
to resist forces in a specific direction. Fiber alignment within the matrix can highly 
dictate the material’s toughness. Using this concept, a composite material is highly 
appropriate for use in a spinal fusion application. Similar principles have been used in 
other applications using carbon nanotubes aligned with the direction of the force 
applied, thereby allowing the fibers to distribute the shear stress to the matrix.(46), (47)   
However, designing a composite material in which the fiber is a singular disc (large 
cross section of a fiber), embedded into a polymeric matrix can prevent it from failing 
compressively due to stress concentrations. If the stacked generator was not a 




composite, compressive failure would be more likely due to the larger stress 
concentrations around the PZT within a polymeric matrix (Figure 11). With compliant 
layers, the large stress concentration is distributed throughout all the layers present 
within the generator (Figure 11). Therefore, a composite material with PZT discs could 
be used to develop a spinal fusion implant.  
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1.6  Summary 
It is crucial to develop a spinal fusion implant, in which the material can withstand 
the loading of the body. By examining the material properties of a newly developed 
stacked PZT generator with compliant layers, the overall toughness and resistance to 
deformation can be understood. To determine an appropriate material for a spinal fusion 
implant, the mechanical properties of the newly designed composite material must be 
characterized and compared to a tough control material (epoxy). 
Figure 11: Schematic comparing a full PZT stack versus compliant layer PZT stack 
undergoing compressive forces. The schematic shows how the stress concentrations are 
more distributed across the compliant layer PZT stack than the one without compliant layers. 
31 
 
Chapter 2: Study 
2.1 Introduction 
To conduct fracture toughness and tensile testing on the composite inserts, it 
was necessary to modify the ASTM standards used to fit the limitations of the specimen 
size. Instead of using a full-length coupon for both the fracture toughness test and the 
tensile test, epoxy resin was attached to the specimen to meet geometry and size 
requirements as designated by the ASTM standards. Overall, the following study 
investigated the effect of the compliant layer on the composites strength and toughness, 
as well as in comparison to epoxy. The average fracture toughness and Young’s 
modulus were measured for these two different materials.  
2.2 Methods 
2.2.1 Development of Test Specimen 
Two piezoelectric composite inserts with varying compliant layer thickness were 
used for comparison. The first insert (named the “0.4 mm specimen”) consisted of a 
PZT composite containing five layers of 0.4 mm PZT (10 mm x 0.4 mm, STEMiNC, 
through the thickness poled) and four layers of 0.4 mm cured epoxy slices (EPO-
TEK®301), stacked in alternation. The second insert (named the ‘0.0 mm specimen) to 
be tested consisted of five layers of 0.4 mm PZT (10 mm x 0.4 mm, STEMiNC, through 
the thickness poled) stacked upon each other. The 0.0 mm specimen did not contain 
compliant layers, while the 0.4 mm specimen did contain compliant layers. These 
inserts were electrically connected using thin coppers strips and medical grade 
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conductive epoxy (EPO-TEK® H20E) to insure the layers were electrically parallel and 
mechanically in series (Krech, et al).  
It is important to note that the composite inserts were tested electromechanically, 
using a MTS MiniBionix 858 with self-aligning platens, to insure the inserts were 
electrically active. In addition, the inserts underwent ultrasound testing for a parallel 
study. Both tests determined successful fabrication of an insert by measuring if the 
insert gave power. After the electromechanical tests were performed, inserts were cut 
into smaller sizes to make two types of specimen geometry. Each insert was cut into 
five half specimens used for tensile testing (n = 5) and five half specimens for fracture 
toughness (n= 5). The following steps detail the modification of the ASTM 5045-99 for 
in-plane strain fracture toughness and ASTM D638-10 for Tensile Properties of 
Plastics.(38), (41)  
2.2.2 Tensile Specimen Fabrication 
 As mentioned previously, each insert specimen was cut in half using a thin band 
saw through the thickness, so that two halves were produced per insert (Figure 12).  
Each specimen was then measured to insure a width, W, (critical dimension) of 6 mm 
and a thickness, T, (critical dimension) of 3 mm (Figure 13) (Table 1). 
Figure 12: Image of a single insert cut into two halves, one half used to create the tensile 
specimen, and the other used for fracture toughness. 
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Table 1: This is a table listing dimension limitations from ASTM D638-10 for Tensile 
Properties of Plastics. The specific specimen type used and then modified was Type II, 
dimensions can be referenced back to dimension table in ASTM D638-10.(38) 
 
If measurements were slightly larger due to excess epoxy, the specimen was carefully 
and gently sanded down using a Dremel so that the width and thickness was precise. It 
was also insured that during sanding, the surface was as flat as possible to allow for 
proper edge alignment with the mold.  A laser cut Poly(methyl methacrylate) cast, with 
dimensions meeting requirements of Type II specimen in ASTM D638-10, was used as 
the cast with Dragonskin 10 (Smooth- On, Inc., Easton, PA) to create the tensile testing 
specimen mold.(38) With this mold, one of the halves of the insert was placed into the 
Figure 13: Image of mold with half specimen placed and properly centered into Dragonskin 10 




mold so that it was centered along the narrowed neck region (gage length) of the dog 
bone shaped cavity (Figure 14).  
The half was placed in the mold cavity so that the layers would be transverse to the 
applied force during testing (Figure 15). Epoxy was made using EPO-TEK®301 Part A 
and Part B with a mix ratio of 20:5 to achieve a total weight of approximately 8 grams. 
This was then used to fill the space around the half specimen in the pocket so that the 
uncured epoxy was level with the surface of the half now placed in the mold. This idea 
of using a surrounding material to the material of interest was inspired by a study 
examining the effect of piezoelectric fiber volume effects using metal dog bone tabs 
attached to the material of interest for tensile testing.(39)  
Figure 15: Schematic of correct placement of half specimen in tensile testing mold. 
Figure 14: Example of a full tensile specimen with a 0.0 mm insert after removal from 
tensile specimen mold. 
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The entire mold with the embedded specimen was then allowed to cure for 24 
hours at room temperature, and then oven cured at 65° C for two hours before removing 
from the oven. After removal, dimensions were measured again to ensure that the 
dimensions were still accurate, if not (due to flash of the material/too much material 
poured into the mold) a Dremel was used to help achieve the correct dimensions as 
aforementioned. An example of the final specimen can be seen in Figure 16. Final 
average specimen dimensions and standard deviation can be seen in Table 2.  
Table 2: This table contains the average dimensions and standard deviations for the 
different types of tensile testing specimen used during testing. The narrow region is the 
average width of the gage length of the specimen. The averages were from a sample 



















Control 6.02 0.01 3.03 0.03 
0.0 mm 6.00 0.01 3.02 0.01 




Figure 16: Exaggerated schematic of critical insert specimen dimensions after insert is cut in half 





This entire method was repeated for all 0.0 mm inserts, 0.4 mm inserts, and. 
Control specimen were made in a similar manner without needing to embed them as the 
control samples were all made of pure epoxy. This full method was implemented until a 
sample size of n = 5 for each type of insert was achieved. 
 
2.2.3 Fracture Toughness Specimen Fabrication 
 For fracture toughness specimen, using ASTM D5045-99, the SENB (single 
edge-notched beam) was used as the primary configuration of the specimen.(41) This 
geometry was chosen due to its ease of manufacturing compared to the CT (compact 
tension) configuration. Additionally, SENB allowed for the insert to be cut into two 
halves, allowing one to be used in tensile testing and the other remaining half for 
fracture toughness. 
Again, each insert was cut in half, one half used specifically for fracture 
toughness. The width (W) of the to-be embedded insert was insured to be 10.00 mm 
and the thickness (B) insured to be 5.00 mm. Again, precision of dimensions and a level 
specimen surface was ensured by using a Dremel to sand the specimen carefully and 
gently if necessary. Laser cut Poly(methyl methacrylate) material, cut with the correct 
necessary fracture toughness dimensions based on ASTM D5045-99, was used as the 
cast with Dragonskin 10 (Smooth- On, Inc., Easton, PA) to create the fracture 
toughness testing specimen mold.(41) It is important to note that during creation of the 
dimensions using ASTM D5045 -99 critical dimensional restraints had to be followed. 
Specifically, the specimen width (W), with the insert embedded as well, must meet the 
criteria of being two times the thickness (B) of the specimen (Figure 17).  
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With the mold created using the laser cut material, one of the halves of the insert 
was placed into the mold so that it was centered and aligned with the top edge within 
the rectangular pocket of the mold (Figure 18).  
The half insert was placed so that the alignment of the discs allowed for the 
development of a crack to be along the interface of the composite. Epoxy was made 
using EPO-TEK®301 Part A and Part B with a mix ratio of 20:5 to achieve a total 
minimum weight of approximately four grams, which is enough to be used for up to two 
specimens. It was used again to fill the surrounding area of half insert in the fracture 
Figure 17: Image of full fracture toughness specimen (un-sanded, 0.4 mm) after 
removal from mold. 
 
Figure 18: Schematic of dimensional criteria for the SENB configuration used in developing the 





B = W/2 
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toughness mold, enough so that the uncured epoxy was level with the top surface of the 
half insert. The entire fracture toughness mold was then allowed to cure for 24 hours at 
room temperature, and then oven cured for two hours at 65° C for two hours before 
removing from the oven. An example of the final specimen can be seen in Figure 19.  
Final steps to developing the fracture toughness specimen included starting the 
initial crack (a); average values can be found in Table 3. ASTM D5045- 99 requires that 
the results of the specimen tested are only valid if it meets the critical size criteria, as 






Notice that the limitations are dependent on the width of the material. Because the width 
was to be 10 mm, “a” could not exceed the upper and lower bounds multiplied by 10. 
 First, the band saw was used to notch the specimen, on the half that was cured 
epoxy, so that a thin razor blade could then be used to saw the crack to meet length 
requirements. Rather than using a tapping motion of the razor blade, a gentle sawing 
Figure 19: Image of mold with half fracture toughness specimen placed and properly 





motion was used because there was much more control in insuring the crack did not 
exceed the maximum crack length requirements. The crack length could not be 
controlled to a specific length, but was developed to stay within the specified range as 
designated by ASTM D5045-99.(41)  
The crack was sawed to length towards half of the specimen with the embedded 
PZT insert (Figure 21). An example of the final initiated crack can be seen in Figure 20.    
These steps were repeated with all the 0.0 mm and 0.4 mm fracture toughness 
specimen. The controls followed the same methodology, with the exception that there 
was no embedding necessary due to the control being made fully of epoxy. The overall 
methods were followed until a sample size of n = 5 were developed for each specimen 
type. Average fracture toughness specimen dimensions, as well as, crack length and 
standard deviations can be seen in Table 3.  
 
 
Figure 20: Close-up image of crack initiated into final fracture toughness specimen (0.0 mm). 
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Table 3: This table contains the average dimensions and standard deviations for the 
different types of fracture toughness specimen tested, the values are reported to two 
decimal places as specified by the ASTM D5045-99. Each average is from the sample 

















Control 10.01 0.03 5.01 0.01 5.02 0.03 
0.0 mm 10.02 0.02 5.01 0.01 5.16 0.15 
0.4 mm 10.01 0.01 5.00 0.01 5.36 0.15 
 
 
2.2.4 Experimental Measurements and Data Collection 
Testing was performed using an MTS Criterion® Series 40 Model 45 for both 
tensile testing and fracture toughness of the three types of specimen. For tensile 
testing, Advantage Wedge Grips were used and a Laser Extensometer (Electronic 
Instrument Research, Irwin, PA) connected to the MTS to measure the specimen’s 
Figure 21: Schematic of crack initiation into fracture toughness specimen 1) band saw to 
notch specimen 2) notch created to end prior to PZT material 3) razor blade using 




change in length. Each tensile specimen was prepared with silver reflective tape placed 
along the top and bottom edge of the specimen, where there is a clear transition 
between the insert to the epoxy (Figure 22). To ensure that results reflected strain on 
just the composite material and not including the surrounding epoxy, reflective tape was 
not placed to mark the entire narrow region (gage length) of the tensile specimen, since 
the material of interest was much smaller than the entirety of the gage length. 
Therefore, reflective tape was only applied around the material of interest along the 
tensile specimen (Figure 22). 
 
Test set-up parameters include a displacement of 5 mm/min and data acquisition 
rate of 100 Hz. Each tensile testing specimen was clamped into the wedge grips and 
stretched until failure in uniaxial tension, while the laser recorded change in length 
(Figure 23). Stress and strain data was collected from the tensile test. Then a linear 
regression fit in Microsoft Excel was used to fit the elastic region of the data to 
determine elastic moduli of the specimen by using the linear regression slope. This was 
Figure 22: Example image of final tensile specimen conveying placement of silver reflective tape. 
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repeated for each set of 5 specimen type. Average elastic moduli and standard 
deviation were calculated for each specimen type.  
For fracture toughness testing, a three-point bending rig was used to obtain data 
for fracture toughness (Figure 24). Each specimen was loaded into the rig according to 
ASTM D5045-09. Testing parameters for fracture toughness included a loading rate of 
10 mm/min, as suggested by ASTM D5045-09, and a data acquisition rate of 100 Hz. 
Bending was performed until a break was detected in the specimen. Load and 
displacement data was collected from the single-edge-notch bend test. The data was 
then used to calculate KIC (plane-strain fracture toughness) following the guidelines of 
ASTM D5045-99 with Microsoft Excel.(41) An average fracture toughness value and 
standard deviation was calculated for each specimen type. 
Figure 23: Image of final tensile specimen with silver reflective tape stretched inside of 
wedge action grips using the MTS. 
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2.2.4 Statistical Analysis 
Statistical analysis for the results was performed using SAS (Statistical Analysis 
Software) (Appendix A). For all three fracture toughness specimen type, statistical 
significance of specimen type on the average fracture toughness was compared among 
the material types, as well as, to the control type specifically using an ANOVA with a 
significance level of  = 0.05. In addition, a Tukey-Kramer post-hoc test was used to 
account for multiple-comparisons and their pairwise significance. The alternative 
hypothesis utilized the sample mean as well. 




2.3.1 Tensile Testing Analysis 
 The effects of the compliant layers on the composite material, no compliant 
layers, and the control with plain epoxy was measured under uniaxial tensile load. The 
following results display the tensile tests performed on the specimen types. Figure 25 
displays a sample stress vs strain curve from the control tensile testing specimen type, 
specifically Control specimen 4.  





























Figure 26 displays the elastic region of one of the control sample’s stress versus 
strain curve. Within the figure, the linear fit applied to the elastic region to determine the 
Young’s Modulus is displayed. The example slope of the linear elastic curve is the 
Young’s Modulus for the respective specimen mentioned previously. Additionally, Table 
1 displays the Young’s Modulus (MPa), obtained from linear fit of stress and strain, for 
each control sample, as well as, the overall sample average and standard deviation.  
Table 4: Young’s modulus values obtained from linear fit of stress vs strain curves, 
sample average and standard deviation are also displayed. 
Sample Young’s Modulus (MPa) 
Control 1 2782 
Control 2 1908 
Control 3 1993 
Control 4 2404 
Control 5 2167 
Average 2251 
Standard Deviation ± 315 
























Stress Vs Strain of Control Tensile Testing Specimen 
with Linear Fit
Figure 26: Graph of example elastic region stress vs strain for control (epoxy) tensile testing 
specimen with linear fit applied and R2 value. 
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2.3.2 Fracture Toughness Analysis 
 The effects of the compliant layers, no compliant layers, was measured 
compared to the control specimen with only epoxy using three-point bending to 
ultimately determine fracture toughness. The following results display the sample 
average fracture toughness values and standard deviations for each specimen type 
(Figure 27). Average values were calculated from load versus displacement data 
acquired during fracture toughness testing, as mentioned previously.  
Based on Figure 27, the control sample exhibited the highest average fracture 
toughness of 3.35(0.59) MPa·m1/2, while the second highest fracture toughness was 
exhibited by the 0.0 mm specimen with an average fracture toughness of 2.82(0.78) 
Figure 27: Comparison of sample average fracture toughness values for each specimen type, 
including positive standard deviation. *Significant difference between each other. 
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MPa·m1/2, and the lowest average fracture toughness was exhibited by the 0.4 mm 
specimen with a fracture toughness of 1.98(0.47) MPa·m1/2.  
The one-way ANOVA yielded presence of significance, P <0.05, between 
material type and the material’s fracture toughness. Tukey-Kramer pair-wise post hoc 
testing revealed that there is no significant difference in fracture toughness (1) the 
control specimen and (2) the 0.0 mm specimen and (3) the 0.4 mm specimen. However, 
the 0.4 mm specimen is significantly different from the control specimen.  
2.4 Discussion 
The purpose of this experimental study was to determine the material properties 
of the material used in the spinal fusion insert. The fracture toughness and elastic 
modulus of the 0.0 mm composite material and the 0.4 mm composite material were 
compared to medical grade epoxy to reveal the effects of adding a compliant layer.  
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2.4.1 Tensile Testing Analysis & Specimen Failure 
Examining the results of the tensile testing elucidates that there is an inability to 
calculate the Young’s Modulus from the data acquired for both the 0.0 mm and the 0.4 
mm composite specimen (Figure 28).  
A proper stress-strain curve, containing an elastic and plastic region and an 
evident failure point, could not be produced by the load and displacement data 
acquired. Because the stress-strain curve could not be produced, a linear fit could not 
be used to fit elastic region to determine a modulus of elasticity with its slope. This was 
true for all data for both specimen types, except for the control specimen.  
Although Young’s Modulus could not be determined for the 0.0 mm and 0.4 mm 
tensile testing specimen, it could be determined for the control epoxy tensile testing 
:  


















Stress vs Strain of a 0.0 mm Specimen Using 
Tensile Testing
Figure 28: Sample graph of stress versus strain of a 0.0 mm tensile testing specimen, revealing 
the lack of change in strain. The clustered values represent repeated strain values even though 
stress is increasing. 
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specimen. Stress-strain curves with a linear fit, as seen in the section 2.3 Results, 
display a value of E = 2251 MPa with a standard deviation of 352 MPa. Comparing this 
value to the reported Young’s modulus of epoxy by EPOTEK (E = 2258 MPa), there is a 
0.31% difference between the values.(48) The experimental Young’s modulus of just 
epoxy was precisely measured by the tensile testing methods, based on the small 
percent difference. Although it precisely measured the pure control material, the 
modified tensile test performed may not be appropriate for a composite material or a 
small layered brittle material as seen with the inability to determine a Young’s Modulus 
from the data for the 0.0 mm and 0.4 mm specimen. 
A hypothesized explanation for the results is that the laser extensometer was not 
precise enough to capture extension data, thus causing repetition of strain values 
(Appendix B). Furthermore, as mentioned in section 1.4.2, the modified ASTM D638-10 
standard used to create the tensile specimen may also contribute to the inability for 
proper collection of data.  
Considering the entire specimen geometry for tensile testing, only a small portion 
of the gage length was made of the piezoelectric composite material of interest. 
Meanwhile, the ASTM standard assumes that the entire specimen created, is a single 
material that represents the bulk material. However, because it was not a full composite 
specimen, the overall geometry of this “modified” tensile testing specimen may not 
conform to the standards requirements, and therefore may not represent the bulk 
material that is usually assumed when using the standard.(40) Thus, using tensile testing 
and applying the parameters required by the test may not be appropriate for this 
specimen type (i.e. rate of testing). With such a small portion of the specimen being the 
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composite insert, bulk features may not be accounted for as well when setting the 
parameters. Whereas if the assumption was valid of a full tensile specimen representing 
the bulk material, the features may be accounted for when running the test. There is 
potential that this explains why the data and Young’s Modulus could be calculated and 
obtained from the control samples but not the 0.0 mm and 0.4 mm samples: it is a full 
tensile specimen made entirely of the cured epoxy material.  
Prior to experimentation, it was predicted that there could be early failure of the 
brittle tensile specimen due to the stress concentrations generated around the thicker 
brittle ceramic section. Upon close examination of the failed 0.0 mm and 0.4 mm 
specimens, the failure did occur at one of the interfaces where the composite was 
attached to the epoxy tabs. It is likely that this failure mode occurred because of both 
the stress concentration of the ceramic and the weakened bond interface. If the bond 
had defects or if the specimen was slightly misaligned in the grips, the influence of this 
defect would be even greater and lead to early failure. In the case of early failure, the 
data acquisition capabilities of the laser extensometer (0.0001 inch) were not sufficiently 
sensitive to capture the small deformations that occurred before failure. The control 
specimens did not experience this issue because the specimen was made of one 
material and did not contain any interfaces in which improper bonding or additional 
stress concentrations could have occurred. Because of the early failure and insufficient 
data resolution of the laser extensometer, the deformation data for the 0.0 mm and 0.4 
mm specimen was not appropriate for analysis. The control specimen could be 
analyzed. From the data of the 0.4 mm and 0.0 mm specimen, failure loads were on 
average 15.8(8.6) MPa for the 0.0 mm specimen, while failure occurred on average at 
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16.8(6.2) MPa for the 0.4 mm specimen. The highest average failure load occurred for 
the control specimen at 164(4.4) MPa. It would be expected that the higher tensile 
strength and stiffness of the brittle PZT would result in reinforcement of the composite, 
thus yielding higher composite tensile strength as compared to the neat epoxy control.  
However, the stress concentrations and subsequent early interface failure also yielded 
results that did not reflect theoretical behavior.   
2.4.2 Additional Tensile Testing Analysis 
 
 Theoretical calculations were still made to understand the expected mechanical 
behavior of the material under uniaxial tensile stress. The theoretical calculations 
utilized composite theory in which the Rule of Mixtures was used to predict transverse 




Calculations can be seen in Appendix C. Based on the results of the theoretical 
calculations, the stiffness for a 0.0 mm composite material is 78,000 MPa. This is with 
the assumptions that the addition of the different layers does not contribute to the 
overall stiffness. The theoretical stiffness for a 0.4 mm composite material is 3,480 MPa. 
Thus, the addition of compliant layers decreased the stiffness, as predicted. Therefore, 
had the experiment been successful, this is what would have been expected for the 
stiffness of the 0.0 mm specimens versus the 0.4 mm specimens. Having a material 
𝐸2 =
𝐸𝑓𝐸𝑚
𝐸𝑚𝑉𝑓 + 𝐸𝑓൫1 − 𝑉𝑓൯
 Equation 1 
52 
 
with a lower elastic modulus for an interbody implant is desirable because it allows for 
more deformation without plastically deforming. 
2.4.2 Fracture Toughness Analysis 
 Fracture toughness of a material is helpful in predicting how well a material can 
resist crack propagation. It was demonstrated that the control specimen’s fracture 
toughness was highest as originally hypothesized. However, the 0.0 mm and 0.4 mm 
specimens did not have a fracture toughness value as was expected. The 0.4 mm 
specimen had a lower fracture toughness value than that of the 0.0 mm specimen which 
is contradictory of the original hypothesis.  
 Because the analysis revealed results that were unexpected, reexamination of 
the procedure of specimen fabrication and analysis was made. It was hypothesized that 
one of the main reasons for the unexpected results is that initial crack through the 
specimen was not propagated long enough so that it reached into the sample. Slight 
errors in the dimensions (not exact) could have caused the specimen embedded to be 
smaller than intended. The possibility that the overall fracture toughness specimen was 
not sanded down small enough to be precisely 10 mm in height may have also 
contributed to the error in crack length. Additionally, because the initial crack followed 
initial crack length boundaries mentioned in section 2.2.3, following just the standard 
limitations may have elicited a crack that was not long enough to have reached into the 
actual material to be tested when remaining in bounds. Examination of crack initiation 
images of 0.0 mm and 0.4 mm specimen revealed a majority, if not all, of the specimens 
did not have a crack that reached into the material of interest (Figure 29-38). The space 
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of epoxy between the crack tip and specimen material ranged from 0 mm to 0.4 mm (a 










~ 0.4 mm 
Figure 30: Image of 0.0 mm specimen # 1; indicating space between crack tip to 0.0 mm material 
for fracture toughness to be about 0.4 mm. 
~ 0.2 mm 
Figure 29: Image of 0.0 mm specimen #2; indicating space between crack tip to 0.0 mm 






















~ 0.3 mm 
Figure 32: Image of 0.0 mm specimen #4; indicating space between crack tip to the 0.0 mm 
material for fracture toughness to be ~0.3 mm. 
Figure 31: Image of 0.0 mm specimen #3; indicating space between crack tip to 0.0 mm material 
for fracture toughness to be ~0.4 mm. 
 





















~ 0.0 mm 
Figure 33: Image of 0.0 mm specimen #5; indicating space between crack tip to the 0.0 mm 
material for fracture toughness to be ~0.0 mm. 
~ 0.3 mm 
Figure 34: Image of 0.4 mm specimen #1; indicating space between crack tip to the 0.4 mm 





















~ 0.0 mm 
~ 0.2 mm 
Figure 35: Image of 0.4 mm specimen #2; indicating space between crack tip to the 0.4 mm 
material for fracture toughness to be ~0.0 mm. 
Figure 36: Image of 0.4 mm specimen #3; indicating space between crack tip to the 0.4 mm 






















~ 0.1 mm 
Figure 37: Image of 0.4 mm specimen #4; indicating space between crack tip to the 0.4 mm 
material for fracture toughness to be ~0.1 mm. 
Into 
specimen 
Figure 38: Image of 0.4 mm specimen #5; indicating space between crack tip to the 0.4 mm 
material for fracture toughness was none since the crack went into the specimen. 
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Because the crack tip did not reach into the specimen for all but one sample 
tested, the fracture toughness data would have captured not only the material of 
interest, but the excess epoxy that surrounds the composite material. Therefore, the 
fracture toughness value would be higher than originally expected. This is especially 
true for the 0.0 mm layer, since it is expected to have a lower fracture toughness, but it 
ended up having a higher fracture toughness value. The fracture toughness value has 
dependency on how much epoxy was above the material of interest where the crack 
had to propagate through during testing. Because the crack was not long enough, it was 
observed the 0.0 mm and the 0.4 mm results were unreliable. Therefore, the statistical 
analysis presented previously is meaningless. 
Due to electrical connection of the discs, there was a thin layer of copper foil 
present around the area of the initial crack. Thus, it was also hypothesized that the 
additional materials within the layers of both specimen could have contributed to energy 
absorption. The results may reflect the additional material properties as well, and not 
just the composite material properties of interest. Further analysis and experimentation 
was performed to investigate this phenomenon. 
2.4.3 Additional Fracture Toughness Testing & Analysis 
 Theoretical calculations of the crack tip plastic zone were performed with 
consideration of the experimental specimen and materials present in the layers of the 
0.0 mm and 0.4 mm specimen. The crack tip plastic zone is defined as the area in front 
of the crack tip in which plastic deformation of the material occurs.(42) In this region, the 
energy absorption of the crack is dependent on the material within this region. This 
condition helps determine whether crack growth can occur or not, which is again 
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dependent on the material in front of the crack tip, or the crack tip plastic zone.(42) 








Using Eq. 2, the radius of the plastic zone contributed by the epoxy, the PZT 
discs, and the copper foil was determined using known yield strength values (𝜎𝑦𝑠) and 
known 𝐾𝐼𝐶 found within reliable material property sources and experimental data of the 
control samples (Table 2). It was assumed that the small amounts of conductive epoxy 
were negligible.  
 
  









Ceramic (min, max) 0.50 A- 0.90 83 B 0.01-0.02 0.40 
Epoxy (experimental) 3.35 32.29 1.71 0.40 





From the theoretical analysis, copper foil was found to have the largest radius of 
the plastic zone in front of the crack tip (Table 2). Meanwhile, the ceramic discs have 
the smallest radius. This analysis showed that if the crack tip were to encounter the PZT 
ceramic, it would absorb less energy than compared to the copper foil. Although the 
copper foil’s thickness is smaller than that of the ceramic, if the crack tip encounters 





Table 5: Comparison of the radius of the plastic zone for each present material in the 0.0 mm and 
0.4 mm fracture toughness specimen, assuming just purely the material listed. 
60 
 
copper foil first, than most of the energy absorption will be absorbed by the copper and 
not the PZT ceramic. Thus, the overall fracture toughness of the specimen value would 
reflect the copper foil properties, as opposed to the other materials present.  
 Reviewing the theoretical results, the trend seen in the original results of fracture 
toughness is not what should have happened in the experimental study. Addition of the 
compliant layers of epoxy should have contributed higher energy absorption than the 
0.0 mm specimens made of ceramic alone. Therefore, not only are the results invalid 
due to the improper crack initiation, but if the crack was formed at an interface in which 
it would have encountered copper, it may have skewed the results as well. This is highly 
likely because the placement of the copper foil strips to connect the discs are present in 
between every layer of material once folded to stack the discs.  
 To determine if the copper foil contributed a high amount of energy absorption, a 
second crude experiment was performed. This experiment involved manufacturing two 
insert types with no conductive epoxy present, or copper foil (n = 1, 0.0 mm; n = 1, 0.4 
mm). These specimens were then embedded like the original specimens for fracture 
toughness, and the crack clearly engaged with the composite material (Figure 39). With 
proper crack initiation into the specimens, concern for capturing excess epoxy along 
with the composite material of interest was eliminated from these results. These 
specimens were fabricated identically to the dimensions used in the original specimen, 












Without conductive epoxy or copper foil in between the layers of the one 
specimen tested, and a correct crack initiated, the one 0.0 mm fracture toughness 
specimen yielded a fracture toughness value that was almost 50% smaller than that of 
Composite 
Material 
Crack Tip Epoxy 
Figure 39: Image of a 0.4 mm layer specimen with no copper foil or conductive epoxy with a 





































Piezo Composite Fracture Toughness (No 
conductive epoxy/copper)
Figure 40: Comparison of additional fracture toughness values for each specimen type, made 
without conductive epoxy and copper strips. Note that the 0.0 mm specimen type is purely 
stacked discs, and the 0.4 mm specimen type is purely stacked discs with compliant layers 
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the 0.4 mm specimen. Although, n = 1 for this experiment, it was a preliminary and 
crude experiment to determine potential effects of the crack tip encountering the copper 
foil first, as well as determining how the incorrect crack tip, when correctly done, can 
influence the final results.  
Relating these experimental results back to the theoretical calculations, the trend 
seen, is what may have been if crack tip initiation was performed properly and no 
copper foil was present. With the absence of copper foil, a crack initiated properly into 
the 0.4 mm fracture toughness specimen, would have elicited an area in front of the 
crack tip that is mostly contributed by the epoxy layer (Figure 41). This phenomenon 
however, would also be present in the 0.0 mm fracture toughness specimen, as they too 
originally had copper foil within them. The only difference is that the 0.0 mm specimen 
would have a crack tip that is skewed largely towards a brittle layer since there are no 
compliant layers present, resulting in a lower fracture toughness value as seen in Figure 
43. Considering the layer thicknesses of the PZT layer and the epoxy compliant layer 
were the same, and the maximum and minimum of the radius, calculated in Table 2, for 
both material layers, the radius in front of the crack tip would be much larger for the 
epoxy layer as compared to the PZT layer. Again, considering Table 2, the calculations 
explain why the control samples of epoxy demonstrated the highest value of fracture 
toughness. This is due to the large radius that is present in the pure epoxy when crack 
is initiated. In a pure epoxy sample, it has no interface or brittle material presence 
leading to a larger area of energy absorption especially with the large crack tip energy 

















Figure 41: A theoretical/predicted schematic magnified of the 0.4 mm fracture toughness 
specimen with no conductive epoxy or copper a crack initiated into the material of interest to 
reveal the area of energy absorption in front of the crack tip. This radius is two magnitudes 
higher than the 0.0 mm material; r = 1.71 mm. 
Crack
PZT Disc
0.4 mm epoxy layer 

































0.4 mm epoxy layer 
Area of energy absorption in front of crack tip
Epoxy 
r 
Figure 42: A theoretical/predicted schematic magnified of epoxy control fracture toughness 
specimen with no other materials with a crack initiated to reveal the area of energy absorption in 
front of the crack tip. The radius of the crack tip energy field large because it is all epoxy in front of 

























Area of energy absorption in front of crack tip
Figure 43: Theoretical/predicted schematic magnified of a 0.0 mm fracture toughness specimen 
with no conductive epoxy or copper with a crack initiated to reveal the area of energy absorption in 
front of the crack tip. The radius of the crack tip energy field is the same around the crack tip 
because both materials around the crack is the same. This radius is two magnitudes smaller than 




Examining the 0.0 mm fracture toughness specimen, the crack tip would have 
encountered only PZT material in front of the crack tip, therefore the area in front of the 
crack tip that absorbs energy would be evenly distributed due to the same material 
being encountered on either side of the layer interface (Figure 43). Because the energy 
is not absorbed as much with layers of PZT on both sides of the crack tip, the crack 
would propagate into the interface early on because it is assumed that the material’s 
interface is its weakest point. However, with all layer thicknesses the same, with the 
contribution of a compliant layer and its larger radius of plastic zone in front of the crack 
tip, the theory expresses that the 0.4 mm fracture toughness specimen should have 
higher fracture toughness. Ultimately, this is due to the ability of the larger radius of 
plastic zone to absorb more of the energy produced by the crack tip, compared to the 
smaller radius of the plastic zone of the PZT layer. Because the radius of the crack tip 
energy zone is over two magnitudes larger than the PZT’s radius, the crack has a much 
lower ability to propagate down the interface as the epoxy layer absorbs much of the 
energy. This demonstrates that a material exhibiting a higher fracture toughness value 
is valuable when considering what material to use in designing a spinal fusion implant. 
Because the addition of compliant layers can increase the fracture toughness, the 0.4 
mm composite material could help prevent the implant from failing catastrophically due 
to crack propagation induced during loading of the spine. 
2.5 Conclusion 
 With tensile testing of the 0.0 mm and 0.4 mm specimen, there was an inability to 
conclude elastic modulus information from the results due to the insensitivity of the 
equipment available. Additionally, specimen fabrication was not ideal due to the limited 
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materials available. Fracture toughness testing yielded results that contradicted the 
original hypothesis formed, however, with a second look from a theoretical point of view, 
it is evident that the addition of copper foil may have skewed the results. This is also 
true of the improper initiation of the crack. Therefore, with the theoretical calculations, 
and the results of the crude experiment, it is highly likely that the 0.4 mm specimen 
should have had a higher fracture toughness value than that of the 0.0 mm. Overall, 
testing was important because it demonstrated that the specimen need to be properly 
prepared to acquire accurate data. This is especially important when testing materials 
for implants because if the material properties are not accurate, it puts the patient at risk 
if the implant were to fail sooner than expected. Ultimately, materials that exhibit a 
higher fracture toughness, as is expected with the 0.4 mm composite, are valuable for 





Chapter 3: Summary 
3.1 Conclusions & Recommendations 
 The study performed was to investigate the integrity of a novel composite that 
has potential for use in a spinal fusion implant. The study examined three material 
types, a control made of epoxy, a 0.0 mm PZT stacked material, and a 0.4 mm PZT 
stacked layer that included compliant layers. To test the integrity and compare each of 
the materials, uniaxial tensile testing, and plane-strain fracture toughness tests were 
used to evaluate these materials. Overall, uniaxial tensile tests for polymers were an 
appropriate test to run on the control epoxy samples, as was described in the 
discussion, since the sample average value was less than 1% different than the 
published theoretical value. However, when considering the 0.0 mm composite material 
and the 0.4 mm composite material, erroneous data collected revealed that the Young’s 
modulus could not be determined using the equipment available. Early failure of the 
material due to a potentially weak interface between the epoxy tabs and the material of 
interest, and the lack of precision of the laser extensometer was the cause of the 
inability to calculate the modulus. However, failure loads were consistent with what was 
predicted as the 0.4 mm specimen required a higher load to fail than that of the 0.0 mm 
specimen. 
 Recommendations for improvement for the tensile testing include developing 
specimen that are purely made from the composite material or purely out of the PZT 
discs. By developing samples without the epoxy tabs, it will eliminate the possibility that 
there was a poorly bonded interface between the epoxy tabs and the material of interest 
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that may have caused the premature failure. Thus, failure of the specimen would not be 
caused by interfacial bonding, but rather the composite material itself. The experimental 
construct needs to be improved so that bonding is insured to be fully bonded between 
the tabs and the composite material, or the whole specimen needs to be made of the 
composite to prevent the premature failure. 
 Another improvement includes developing tensile specimen the same way as 
originally done in the study, but instead, prior to testing, notches will be made to ensure 
that the material attached to the dog bone tabs are more narrow. By including this 
notching method, the break is controlled and isolated within the boundaries of the 
narrow region in which the entire dog bone is notched. To prevent premature breaking, 
these notches would be made after the interface at which the tabs are bonded to the 
material.This will prevent influence of the poorly bonded interface. 
Additionally, it was found that fracture toughness testing with a composite 
material and the modifications made to the ASTM standard, requires careful attention 
when fabricating specimen. Fracture toughness values were considered not valid 
because the initiated crack during specimen fabrication did not reach into the specimen 
and therefore the results could have captured load vs displacement data of the epoxy 
prior to the embedded material. However, with theoretical calculations to determine the 
radius at the front of the crack type, there was revelation of the expected trend for 
toughness. Specifically, the results should have revealed that the 0.0 mm material 
should have had a lower toughness than that of the 0.4 mm material, and therefore 
should be significantly different. Ultimately, the theory and crude experiment performed 
revealed that it can be concluded that the addition of compliant layers to the PZT discs 
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allow for an overall tougher material, and thus should also be exhibited in the 
experimental study.  
Recommendation for the future would include a full experiment to determine 
fracture toughness, but with 0.0 mm and 0.4 mm specimen not including any materials 
that would not be present in the final manufactured implant. There also needs to be 
further investigation into separating the effect of proper crack initiation and the addition 
of the copper foil within the material. Although theoretical results revealed that fracture 
toughness should have been higher with the compliant layers, the true experimental 
effect of the copper is still unknown. Therefore, it would be necessary to conduct more 
studies in separating the two potential effects on the fracture toughness of the 
composite material. Improper and proper crack initiation should be compared, while 
eliminating copper and keeping copper within the sample should be compared. Once 
these are investigated, combinations of both should also be tested to determine their 
true effects.  
3.2 Study Limitations 
 It is important to understand that throughout the process of the study, there were 
several evident limitations. It was not realistic to make large sample sizes, as well as, 
develop fracture toughness and tensile specimen fully out of the PZT material as there 
were only five specimen of each 0.0 mm specimen type and 0.4 mm specimen type that 
could be used for tensile and fracture toughness testing. Therefore, the ASTM 
standards were modified to allow for more realistic specimen. The sample size used for 
each specimen type may have also been a limitation because n = 5 may not have been 
a representative size. Because it was a small sample size, a Type II error could have 
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occurred and created overlapping standard error, therefore significant difference 
between the types of specimen may be a false negative.  
It was also unrealistic to purchase additional and larger discs to develop a tensile 
or fracture toughness specimen made entirely of the two materials. This is because 
there was a large limitation on time, in which the materials took up cost in terms of the 
time to purchase to the time received. Therefore, the tensile specimens, as well as, the 
fracture toughness specimens were largely made up of the epoxy (attached epoxy 
tabs), as opposed to the materials of interest, as time could not be spent purely waiting 
for specimen arrival. With larger orders of PZT discs, the more time it would take for 
them to be manufactured and delivered. Additionally, the amount necessary may also 
not have been in stock when needed as the distributer only had a limited supply. 
The equipment used to perform the study also had its own limitations. 
Assumptions were made that the rollers were small enough to have a point contact, 
however, considering how small the specimen size of interest is compared to the epoxy 
of the test sample, it may have been a large enough point that it did not reflect the bulk 
material of the 0.0 mm and 0.4 mm material during testing.  
The repeating extension values during tensile testing also revealed that the 
equipment available was not precise enough in measuring displacement. The small 
displacement ultimately could not be detected to a precise decimal. The laser 
extensometer did not have the capability in detecting the small changes in displacement 




There was also a limitation in manufacturing due to the specimen size. It was 
difficult to handle such small materials with precision and accuracy during fabrication 
with the limited equipment available. Mistakes during fabrication is highly inevitable 
because it was fabricated by hand as opposed to contracting out where the specimen 
could be produced using machinery capable of high precision and accuracy. Under all 
the above circumstances, the limitations have a large contribution to the unsuccessful 
testing of the composite specimens. 
3.3 Future Work 
 Future work of this study includes testing a much larger sample size given a 
limitation on fabrication steps, and equipment. With a larger sample size, variation that 
may be prominent in a smaller sample size, may not have as large of an effect due to 
the ability of a larger sample size to represent a population. Sample size ideally should 
be changed to n = 20 in future work to repeat this study.  
Because the tensile specimen had early failure, future work should include 
tensile specimen fully out of the PZT material of interest. If this is not possible, there is 
the possibility to rerun a test where the tensile specimen contained a notch. From notch 
tensile testing, a notched tensile strength can be determined which is analogous to 
ultimate tensile strength. During a notch test, there would be a reduction in the section 
size at the location of the composite material. With a reduction in size, higher stress 
concentrations would be created away from the composite connection site to the epoxy 
tabs. However, it is important to keep in mind that this methodology may still not 
overcome the early failure. Thus, this methodology would require a combination of a 
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notched tensile specimen and a tensile specimen made entirely of the composite 
material.  
There could also be substantial work done in examining the theory mentioned 
previously using Finite Element Modeling (FEA) with the appropriate assumptions. FEA 
can uphold an ideal and controlled test, which can eliminate the variants that could 
affect the results of the data. Therefore, with an FEA study, it may be beneficial to 
compare its results to the theoretical calculations, as well as, a future re-run of the entire 
study to better understand the mechanics of the material undergoing stress with or 
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The following is the SAS code written and developed to determine significance of the 
fracture toughness data using a one-way ANOVA, as well as, pairwise comparisons 
between each of the different specimen type.  
libname mydata 'V:\Spine Research\MTS Analysis\Spine Lab Data\Fracture 
Toughness';  
 
/* creating dataset named 'fracture_toughness' */ 
/*tell SAS that you want to input 'sampletype' as a categorical variable and 
'fracturetoughness' as a continuous numeric response*/ 
/*start entering data*/ 
 
data fracture_toughness;  




















/*End data entry*/ 
 
/*check the contents of this data set, ensure that fracturetoughness is a 
continuous variable and sampletype is a categorical variable*/ 
 
proc contents data = fracture_toughness; 
run; 
ODS RTF FILE = 'V:\Spine Research\MTS Analysis\Spine Lab Data\Fracture 
Toughness\ft_statsassumptions.RTF'; /*make file to save results*/ 
/* Create new dataset with a transformed response using the appropriate 





ft_transform = 1/(fracturetoughness**0.5); 
run; 
 




/* Run the ANOVA model using PROC GLM (General Linear Model) */ 
 
/* The SAS procedure GLM is called, the dataset name is 吐racture_toughness・
*/ 
/* This step declares 壮ampletype・as a categorical variable・*/ 
/* On the LHS of the model is the continuous response fracturetoughness, on 
the RHS is the predictor sampletype */ 
/* Run the model */ 
 
proc glm data = fracture_toughness;  
class sampletype; 
model fracturetoughness = sampletype; 
means unit/hovtest = bf;  /*Brown-Forsythe test for checking the 
homogeneity*/ 
output out = checkfit predicted = y_hat residual = e_ij; 
run; 
 
/*normality plot of residuals*/ 
proc univariate data = checkFit normal plot; 
var e_ij;  
run; 
 
/*residuals vs. predicted plot*/ 
proc sgplot data=checkfit; 
scatter y = e_ij x = y_hat;  
run; 
 
ODS RTF Close; 
quit; 
 
ODS RTF FILE= 'V:\Spine Research\MTS Analysis\Spine Lab Data\Fracture 
Toughness\ft_statstukey.RTF'; 
/* First run the ANOVA model, then check the validity of the statistical 
assumptions. Then, conduct the multiple testing procedures*/ 
/* Code for different multiple testing procedures is given below */ 
 
 
proc glm data = fracture_toughness;  
class sampletype; 
model fracturetoughness = sampletype; 
lsmeans sampletype/ pdiff=all adjust=tukey; /*Tukey method*/  
run; 
 






Appendix B  
 
Screen shot of raw data collected for a 0.0 mm tensile testing specimen, for load (_load) 
vs the displacement measured (Laser Extensometer), revealing the lack of change in 
the extension measured. It is evident that the extension repeats itself with each point 
collected. The laser extensometer values are also not accurate to the decimal place 

















Theoretical transverse stiffness calculations of tensile samples 0.0 mm and 0.4 mm using The 
Rule of Mixtures for Composite Materials. Fiber volume and matrix volume (Vf0.4, Vm0.4) were 
calculated for the 0.4 mm type specimen. The fiber volume of the material was then calculated 
(Vf). Using an approximated stiffness of the PZT (Ef = 78000 MPa(49)) and a known stiffness of 
the epoxy matrix from Epotek (Em = 2260 MPa) these were input into the Rule of Mixtures 


















)2 (2.0 mm)  
= 157.08 𝑚𝑚3 
𝑉𝑚0.4 = 𝑙 × 𝑤 × ℎ 
= 11 𝑚𝑚 × 11 𝑚𝑚 × 1.6 𝑚𝑚 




 × 100 
= 36.  1 % 
𝐸2,0.4𝑚𝑚 =
𝐸𝑓𝐸𝑚




(2260 𝑀𝑃𝑎)(0.361) + 78000𝑀𝑃𝑎(1 − 0.361)
 
≈ 3480 𝑀𝑃𝑎  for the 0.4 mm specimen 
𝐸2,0.0𝑚𝑚 =
𝐸𝑓𝐸𝑚




(2260 𝑀𝑃𝑎)(1) + 78000𝑀𝑃𝑎(1 − 1)
 
≈ 78,000 𝑀𝑃𝑎 for the 0.0 mm specimen 
